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Organs such as the lung and the kidney are composed of
epithelial and endothelial tubule-forming networks. To
engineer such organs, it would be desirable to control the
shape, spatial orientation and interconnectedness of the
forming tubules. To study this, channels were formed in
extracellular matrix (ECM) gels and were subsequently filled
with Madin–Darby canine kidney epithelial cells or human
microvascular endothelial cells. After 3–5 days, the epithelial
cells self-assembled into tubular structures of up to 1 cm,
with a lumen lined by a monolayer of polarized epithelial
cells at 10 days. In contrast, endothelial cells assembled into
tubules with multiple fine branches. We found that a
complex pattern of tubular networks of significant length
and regular anatomical shape was achieved by molding ECM
gels through microfabricated grooved templates.
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The histo-architecture and consecutive function of various
epithelial organs, such as the lung and the kidney, are
characterized by a system of tubular structures. Significant
knowledge has been established on tubules during embryonic
development or tubulogenesis. During tubulogenesis, two
key events described as tubule elongation and branching
morphogenesis would occur.1–3 Tissue-engineering ap-
proaches aim to engineer cell or tissue constructs via a
combination of cells and biomaterials in vitro, which are
subsequently implanted to restore lost tissue in the body.4–9
In addition, tissue-engineering approaches can be applied to
develop in vitro systems that allow the investigation of
biological processes, such as the self-assembly of cells, to gain
insights into the process of tissue formation during
embryonic development.4,9 The development of tubular
structures has been mostly achieved by seeding cells or cell
aggregates into scaffold structures or hydrogel sponges with
limited control of tubule formation.10–12 For tubule forma-
tion, we aim to introduce a new tissue-engineering approach
that forms tubular structures based on providing space and
three-dimensional (3D) exposure to extracellular matrix
(ECM) and cells. This paper shows that combining these
factors has resulted in a successful new method for creating
biological tubules for various applications.
In a first set of experiments, we investigated whether
tubular structures made from Madin–Darby canine kidney
(MDCK) cells could be formed using 3D ECM gel molding
(Figure 1). Tubules were not formed when the cells were just
seeded and attached to the grooved structures (data not
shown). However, when the cells were attached to the
grooved surface and a second layer of an ECM gel was added
(Figure 1a and b), tubule formation was observed along the
grooves (Figure 1c and d). Some tubular bridges were formed
between the linearly oriented tubules, most probably due to
overgrowth beyond the grooved surface (Figure 1c). Cross-
sectioning of the gels revealed the formation of multiple
tubules with one major lumen (Figure 1e), and staining with
peanut agglutinin (PNA) revealed an enhanced label at the
luminal surface, showing the polarization of the epithelial
tubules. Thus, using the 3D ECM gel molding technique, we
have introduced a new approach that enabled the formation
of tubular systems.
In the second set of experiments, we investigated whether
cells injected into a preformed channel in an ECM hydrogel
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would lead to the formation of tubular tissue (Figure 2).
After setting the ECM gels, the needle inserted was carefully
retracted, and light microscopy revealed the formation of
channels in the gel casted (Figure 2a). To form tubules, the
preformed channels were filled with epithelial cells while the
needle was retracted, so that a continuous line of suspended
cells was visible (Figure 2b). No leakage into the surrounding
gel was observed after cell injection. Discontinuous suspen-
sion led to incomplete or absence of tubule formation
(results not shown). After 3–5 days of culture, the MDCK
cells assembled into tubule-like structures with a diameter of
B100 mm (Figure 2c). The diameter of the tubules did not
change significantly over the culture period of p14 days
(data not shown). The tubule-like structures were formed
over the complete length of the preformed channels and
could be easily expanded into a parallel tubular system (data
not shown). Figure 2d shows that, in the classical 3D culture
setup, whereby cells were mixed with the gel in the absence of
preformed channels, no tubule formation or interconnection
was observed. When cells were injected into the preformed
channels, confined tubule-like structures were observed with
the establishment of an epithelial monolayer surrounding the
lumen (Figure 2e). Kidney epithelial cells are characterized by
their polarization, which is represented by the establishment
of basolateral and luminal surfaces. The separation between
the two surfaces can be shown by the histochemical
localization of specific proteins found on each surface. b-
catenin is a cell adhesion protein localized at the basolateral
cell surface, which bridges E-cadherin with the actin
cytoskeleton. PNA binding is known to be found at the
luminal surface of MDCK cells. We investigated the
expression of these markers in the tubules obtained to assess
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Figure 1 | Formation of tubular systems from kidney cell suspensions through 3D ECM gel molding. (a) Micromachined molds were used
to form 250-mm-deep and 180-mm-wide grooves on the hydrogel surface. Cells were added, and upon cell adherence, a second layer of ECM gel
was introduced. After gelation of the second gel layer, the samples were placed into a 12-well plate filled with culture medium to allow
assembling of the cells to tubular tissue. (b) MDCK cells added to the grooved surface. Bar¼ 200 mm. (c, d) Subsequent formation of tubular
structures and systems. Bar¼ 200mm (c) and 100mm (d). (e) Hematoxylin-and-eosin staining of a cross-sectioned gel revealed multiple tubular
structures with lumen formation (arrow), and (f) PNA staining indicated polarization (arrow tip) of the tubule lining cells. Bar¼ 100mm.
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the polarization of the cell lining. b-catenin expression was
found in the basolateral surface of the epithelial cells,
indicating a normal polarization behavior (Figure 2f). This
finding was underscored by the exclusive PNA staining at the
luminal surface of the MDCK cells (Figure 2g). One key event
underlying the formation of lumen during tubulogenesis is
apoptosis. Cells found in the lumen without any contact to
ECM would undergo apoptosis, leading to the formation of a
lumen, and hence to tubule formation. Histomorphological
studies of hematoxylin-and-eosin-stained sections showed
areas with condensed cell nuclei, indicating that apoptosis
played a role in the formation of tubules in our approach.
After 1–3 days, aggregated cells without any lumen were
found (Figure 2h). After 5 days, multiple, smaller lumens
were observed (Figure 2i). At that stage of tubulogenesis,
numerous pycnotic cells were found in the center of the
tubule. In contrast, the cells that were in contact with the
ECM revealed normal cell morphology (Figure 2i). After 10
days, one major lumen was created (Figure 2j). These results
indicate that a process known as cavitation is underlying the
tubule formation in the method presented. We released the
tubules from the ECM gel to enable them to be used in
biological analysis or implantation procedures as well as to
demonstrate their integrity (Figure 2k).
Endothelial cells are known to form capillary networks
in vitro when grown on two-dimensional surfaces of ECM
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Figure 2 | Formation of epithelial tubules from kidney epithelial cell suspensions in preformed ECM gel channels. (a) Gel channels 180
mm wide were formed (bar¼ 200 mm) and (b) subsequently filled with cells (bar¼ 200 mm). (c) Suspended cells aligned to the tubular tissue.
Bar¼ 200 mm. (d) Three dimensional culture of MDCK cells in collagen-Matrigel revealed no tubule formation in the absence of preformed
channels. Bar¼ 100 mm. (e) Histological cross-sectioning demonstrated lumen and epithelial monolayer formation. Bar¼ 50mm. (f) b-catenin
expression at the basolateral cell side indicating polarization. Bar¼ 50mm. (g) PNA expression at the luminal cell side indicating polarization.
Bar¼ 50 mm. (h, i) Histological sections revealed that cells in the center of the tubule (which had no direct contact with the ECM) undergo cell
death after 5 days, which could be recognized by pycnotic cells (arrow in panel i, black-dotted cell nuclei in scheme below). Bars¼ 100 mm. (j)
One lumen was gradually formed after 10 days. Bar¼ 100mm. (k) Light microscopy image showing that the tubules released from ECM gels
possessed structural integrity. Bar¼ 500 mm.
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gels, such as Matrigel. We wanted to investigate whether,
besides the tubule formation from epithelial cells, the
formation of endothelial tubules could be achieved in the
preformed channels. It was found that HMEC-1 cells
assembled at the linear-oriented tissue stems 2–4 days after
they were injected into the preformed channels. The tissue
stems from HMEC-1 cells began to develop small branches
over time (Figure 3), whereas formation of small branches
was not observed in the case of MDCK cells. For the former,
histological cross sections revealed the formation of well-
defined lumens (with inner diameter of B40–50 mm) with
lining endothelial cells from which cellular strands were
originated (Figure 3e). After 6–8 days, the structures
generated were characterized by many small branches (Figure
3a), while the tissue stem remained recognizable. This was
also observed when the gel with the formed endothelial
tubular structure was implanted subcutaneously into severe
combined immunodeficient mice (Figure 3c). This might be
important for the engineering and development of complex
tissues that are supplied internally with nutrients over a
200 µm
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Figure 3 | Formation of epithelial tubules from endothelial cell suspension and human embryonic stem cell suspension in
preformed ECM gel channels. (a) Organization of HMEC-1 into endothelial tubules having a vessel stem (arrow) with a few short
branches after 6–8 days. Bar¼ 200 mm. (b) The number and length of branches increased substantially after 11 days (the stem is
marked by white arrow, the branches are marked by yellow arrow). Bar¼ 200 mm. (c) Endothelial tubule obtained from human umbilical
vein endothelial cells in preformed channels were implanted subcutaneously into severe combined immunodeficient mice. DAPI staining
after 14 days of implantation indicated integrity of the tissue and maintenance of a lumen (arrow). Bar¼ 200 mm. (d) The preformed
channels could also be interconnected, which led to interconnected endothelial tubule systems (arrow shows the point of interconnection).
Bar¼ 200 mm. (e) Histological sections revealed that the endothelial tubules formed a lumen (white arrow) with cellular branching
(yellow arrow). Bar¼ 200 mm. (f) Filling of preformed channels with human embryonic stem cells led to a stem (arrow) with large
appendices (yellow arrows). The appendices displayed a pronounced border region. Bar¼ 200 mm. (g) Histological sections showed the
formation of luminal structures (white arrows) and structures showing a multilayered epithelium at the border and a more
mesenchymal-like tissue in the center (yellow arrows). The latter structure seemed to correspond to the appendices in (f). Bar¼ 100 mm.
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preestablished small vessel system. It could also be demon-
strated that, when the channels were interconnected, an
interconnected endothelial tubule system could be generated
(Figure 3d). In addition, we investigated the behavior of
human embryonic stem cells injected in preformed channels
and, in particular, whether a lumen-containing structure
such as tubules could be induced. After 10 days of culture, the
complex formation of 3D tissue structures was observed
consisting of a tubular structure with adherent round-shaped
structures (Figure 3f). Histological sectioning revealed
structures having a lumen and also solid round-shaped
structures (Figure 3g). These experiments showed that
lumen-carrying tubular structures derived from human
embryonic stem cells could also be induced using our
method.
This work introduced a new method of applying
developmental biology to the tissue-engineering field to
generate kidney epithelial tubules and endothelial tubules.
The tubules obtained by this tissue-engineering approach
displayed natural shape and dimensions. The generation of
small renal tubular structures is critical for kidney tissue
engineering because this results in a huge surface area.
Previously, such tubules had been successfully generated by
culturing kidney epithelial cells on synthetic tubular scaffolds
in the classical tissue-engineering approach,13–16 or derived
from embryonic tissue. The approach presented herein used
individual cell suspensions, which assembled into a tubular
tissue in small-dimensioned channels preformed in porous
ECM gels. When the cells were injected into the preformed
channels, they showed the first signs of reestablishing cell-to-
cell contact and subsequently assembled into tubular
structures after 24–36 h. Using the preformed channels,
tubule formation was also achieved with endothelial cells.
However, the tubules generated from the endothelial cells
tended to form increasing amounts of fine branches
originating from the stem after 6–8 days of culture,
resembling a process known as angiogenesis.
MDCK cells were obtained from American Type Culture
Collection (Rockville, MD, USA). HMEC-1 cells were kindly
provided by Dr E Ades and Dr F Candal from the Centers of
Disease Control and Prevention (Atlanta, GA, USA) and
cultured in the endothelial growth medium EGM-2 (Cam-
brex, Walkersville, MD, USA) under 5% CO2 at 371C.
Human umbilical vein endothelial cells were obtained from
Cambrex (Walkersville, MD, USA). The HUES-7 cell line
(obtained from Howard Hughes Medical Institute, USA) was
cultured at 371C with 5% CO2 on neomycin-resistant
primary mouse fibroblasts, strain FVB (Chemicon, Temecula,
CA, USA) in knockout Dulbecco’s modified Eagle’s medium
(DMEM) (Invitrogen Singapore Pte Ltd, Singapore) supple-
mented with 20% serum replacement (Invitrogen Singapore
Pte Ltd), 1% GlutaMax (Invitrogen Singapore Pte Ltd), 1%
of a non-essential amino acid solution (Invitrogen Singapore
Pte Ltd), 1% penicillin-streptomycin (Invitrogen Singapore
Pte Ltd), 0.004% basic fibroblast growth factor (Invitrogen
Singapore Pte Ltd), and 0.1% 2-mercaptoethanol (Invitrogen
Singapore Pte Ltd). The primary mouse fibroblasts were
plated on a T75 flask coated with 0.1% gelatin (Sigma, St
Louis, MO, USA). The culture medium was changed every
day and cultured between 7 and 10 days. The conditioned
culture media obtained from mouse fibroblasts were collected
and used with human embryonic stem cells along with 10 ng
ml1 of basic fibroblast growth factor.
Molds for the channels were formed by partial cuts into
500-mm-thick glass wafers using a DISCO DAD 3350 dicing
saw with a Resinoid blade (00777-3030-003-kup) from
Advance Dicing Technologies. Each cut was 250 mm deep
and 100 mm wide (at the surface of the wafer), with a spacing
of 180 mm from the adjacent cut. The sidewall angle for the
grooves was measured by scanning electron microscopy to be
81. After the grooves were cut, the glass wafer was diced into
8 8 mm squares. A transparent container was filled with the
ECM gel solution consisting of 200 ml of collagen, 200 ml of
Matrigel, DMEM with 10% fetal calf serum (FCS), and 1%
antibiotic–antimycotic solution. The grooved template was
then placed on top of the ECM gel solution (see Figure 1a).
After gelation of the ECM gel solution, the template was
removed and the cell suspension was added. Upon cell
adherence, a second layer of ECM gel was introduced. After
gelation for 1 h, the samples were placed in a 12-well plate,
which contained DMEM and 10% fetal bovine serum. A total
of 20 experiments were completed to form 10 tubular
structures in each experiment. The percentage of successfully
formed tubules was 60%, with an average diameter of
120–160 mm.
One plastic mold (10 10 5 mm) was pierced with a
27G½ (0.40 12 mm) needle. In the first case, 400 ml of
the collagen solution (Inamed, Fremont, CA, USA) was
mixed well with 100 ml of DMEM culture medium and
dispensed into the plastic mold. In the second case, 200 ml of
collagen and 200 ml of Matrigel (BD Biosciences, Franklin
Lakes, NJ, USA) were mixed with 100 ml of DMEM and
dispensed into the plastic mode. In the third case, 400 ml of
Matrigel were mixed with 100 ml of DMEM and dispensed
into the plastic mold. After the gel has set in the mold, the
needles were retracted, and renal epithelial cells were injected.
The setup was then placed in the CO2 incubator. The
biological tubules formed were released by means of a cell
recovery solution according to the manufacturer’s instruc-
tions (BD Biosciences). In brief, gels were placed into 35/
10 mm Petri dish, washed three times with phosphate-
buffered saline, and then exposed to 3 ml cell recovery
solution. Gentle mechanical manipulation with a forceps led
to the release of the tubules after 30 min. A total of 20
experiments were completed to form two tubular structures
in each experiment. The percentage of successfully formed
tubules was 90%, with an average diameter of 100–140 mm.
The cells were labeled by fixing them in ice-cold ethanol
for 10 min. After several rinses with phosphate-buffered
saline, the samples were either hematoxylin-and-eosin-
stained or incubated with a blocking solution containing
phosphate-buffered saline, 10% FCS, and 1% BSA for 30 min.
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The b-catenin antibody (Santa Cruz Biotechnology, Santa
Cruz, CA, USA) was diluted at a ratio of 1:100 and incubated
for 2 h. After washing several times, the specimens were
incubated for 45 min with the donkey-anti-mouse-IgG-FITC-
conjugated secondary antibody (Jackson Immunoresearch
Laboratories, West Grove, PA, USA), which had been diluted
at 1:200 in phosphate-buffered saline containing 1% BSA.
FITC-PNA and 40,6-diamidino-2-phenylindole were obtained
from Sigma-Aldrich (Singapore). The specimens were then
analyzed using an IX71 Olympus microscope. Images were
taken with a digital camera and processed using Photoshop
5.5 (Adobe Systems, San Jose, CA, USA). The animal
experiments were conducted according to the approved IACUC
application no. 060160 and the NUS-IRB Reference Code no.
06-052. Severe combined immunodeficient mice were anesthe-
tized, and the gel containing endothelial tubules formed from
human umbilical vein endothelial cells were implanted
subcutaneously for 14 days. The implants were removed,
cryosectioned, and 40,6-diamidino-2-phenylindole-stained.
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